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Abstract. The ecological consequences of long-term development of coal 
deposits for the components of the environment, buildings, 
communications and infrastructure facilities have been analysed. The 
stress-deformed state of the rock massif around the preparatory working in 
the development of multiple coal layers is determined. The parameters of 
the development of the contiguous layers in the conditions of the mines of 
the Lviv-Volyn Coal Basin are substantiated. The complex of nature 
protection measures allowing to reduce the negative consequences of 
disturbance of the earth's surface in the development of multiple coal 
layers is substantiated. 
1 Introduction 
Coal has an important value in the global economy among natural energy resources and 
occupies the third position in terms of use after the oil and natural gas. The coal industry is 
an important component of the industrial potential of Ukraine and ensures the functioning 
of the leading sectors of the economy. The efficiency and stability of its functioning 
determines the sustainable development of the state, its energy and environmental security 
[1 – 3].  
Exhaustion of balance reserves, unprofitability of most mines, complex mining and 
geological conditions and an unstable economic situation have led to a deterioration of the 
ecological condition of the mining regions. This led to the emergence of a complex of social, 
economic and environmental problems, the main of them are: subsidence of the earth’s 
surface, deformation and destruction of buildings and infrastructure [4 – 6]; formation of 
waste heaps (dumps) of rock accumulated over many years of coal mining [7]; flooding of 
land and living quarters, deterioration of the quality of underground and surface water [8 – 
11]; the formation of explosive methane-air mixtures, etc. As a result of this situation, most of 
the coal-mining regions have become zones of ecological and social disaster [12]. 
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The main tasks of managing the environmental safety of coal mining processes are to 
study the nature of the transformation of environmental components at all stages of field 
development [12 – 14]. In addition, it is necessary to introduce effective environmental 
measures timely, which will improve the quality of drinking water supply in coal mining 
regions [11, 15 – 17], as well as receive additional energy resources [18, 19]. 
The existing system of management of the ecological condition of coal mines doesn’t 
allow proper solving environmental safety issues, both in the process of constant operation 
and further liquidation of coal mines [20 – 23]. Therefore, there is a need to establish 
patterns that govern the process of rock movement under the influence of underground 
mining of coal seams under natural objects, buildings, and settlements. 
In this connection, the search for an analytical solution to the problem of rock 
mechanics is becoming topical in order to obtain a qualitative picture and quantitative 
estimates of the stressed deformed state (SDS) of the entire rock strata in conjunction with 
the parameters of the coal seam extraction at any stage of development. In this case, it is 
recommended to take into account the properties of the work-in-progress massif, the nature 
of the roof collapse, the intensity of the earth’s surface displacement process, the depth of 
development, and specific mining and geological conditions [24, 25]. 
2 The research problem setting 
The analysis of the literature sources revealed that the degree of negative influence of the 
reference pressure in the development of coal seams increases with the depth of 
development. So at a depth of 100 to 200 m, the noticeable influence of the reference 
pressure in the case of the imposition of the boundaries of clearing works was observed for 
interbeds of 15 – 25 m. At a depth of 300 – 340 m, debris in cleaning and preparatory 
workings took place even at interbed thicknesses of 50 – 60 m. This suggests that, in 
justifying the parameters for the development of the multiple contiguous layers, in each 
specific case, the SDS of the rock mass around the breakage face should be determined 
necessarily taking into account the overworking and (or) underworking, as well as taking 
into account the possible entry of the breakage face into the zone of pillars and layers 
selvages [24 – 27]. 
The speed of lowering the roof, hanging it behind the lining, the height of the inrush and 
the squeezing of coal are taken as the controlled parameters. It has been established that in 
the zone of increased rock pressure, the rate of lowering of the roof during the period of 
absence of the influence of production processes increases noticeably in comparison with 
the rate of lowering outside this zone [28, 29]. In the proposed unloading zone, which is 
adjacent to the zone of influence, it is 1.5 – 2.0 times smaller.  In the zone of increased rock 
pressure, there was also an increase in the formation of the inrushes, with the height of the 
individual inrush reaching 0.8 m, while outside the zone of influence it did not exceed 0.1 –
 0.2 m. The actual angle of influence of the pillar (≈ 84º) is obtained. The largest hangings 
of the roof behind the lining (not counting the end sections of the lava), equal to one step of 
the lining movement, were 0.5 – 0.7, and the largest values of the squeezing depth in the 
discharge zone were 0.4 – 0.5 m [26 – 29]. 
Obviously, there are not all the determining factors. For example, the formation may 
contain more than two closely spaced layers, an important role is played also by the physic 
and mechanical properties of coal and surrounding rocks that are not taken into account in 
the above-mentioned works, and so on. It is necessary to develop a methodology for 
calculating the values of subsidence of the earth’s surface and recommendations for 
reducing the negative impact of surface underworking during the mining extraction of coal 
seams and rational management of coal reserves in safety pillars. But for this it is necessary 
to know the actual parameters of the demonstrations of rock pressure during the mining of 
coal seams using various development systems [28 – 31]. 
However, because of the consideration of the limited massif area in the vicinity of the 
breakage faces in the tasks of the mountain pressure with any method of solution, analytical 
or numerical, the determined stresses, deformations and deformation rates are not correlated 
with deformations of the earth's surface [24, 25, 29 – 31]. 
Most researchers associate the deformation of the earth’s surface with angular 
parameters, consider, as a rule, the conditions of the completed process of displacement, 
and the main influencing factors are the depth of the coal layer and the dimensions of the 
breakage face. In this case, the data of mine surveying measurements are used, and 
therefore the obtained results do not possess sufficient generality [24, 25, 31, 32]. 
It should be noted that with underground coal mining irreversible changes occur in the 
rock mass that surrounds the working seam. These changes are a consequence of the 
collapse and subsidence of rocks over the breakage face, the redistribution of stresses 
around it. Changes in the mountain massif cause subsidence of the day surface over the 
mine workings. In addition to deformations from the influence of breakage heading, 
additional deformations and deformations of the mountain massif, the working seam and 
the earth's surface, are caused by the compression of the coal seam and host rocks under the 
influence of the reference pressure [32 – 35]. 
2 Determination of the stressed-deformed state around the 
preparatory working in the mining of multiple layers 
The most important conditions for the safe operation of coal mines is to ensure the working 
condition of the entire network of mine workings from the surface to the breakage faces 
with minimal costs for their development and maintenance. The urgency of ensuring the 
operational stability of preparatory workings in the conditions of contiguous layers mining 
is constantly increasing due to the increase in the depth of mining operations [31 – 33]. At 
the same time, the nature of the distribution of rock pressure is significantly affected by 
overworking or underworking. Therefore, when choosing the method of protection and 
support of workings, especially in the case of weak enclosing rocks, it is necessary to 
proceed from the analysis of the SDS of the massif taking into account specific mining and 
technical situations as well as mining and geological conditions. 
The layered heterogeneous environment in which the stress state of the roof and the soil 
of the contiguous layers undergoes significant changes under the influence of mining 
operations is typical for the mines of the Lviv-Volyn Basin. However, in the available 
industry documents regulating the location, protection and maintenance of mine workings, 
this change is accounted approximately by means of empirical coefficients established 
primarily for mining and geological conditions of other coal deposits. A similar approach is 
used in describing the structure of the rock massif. 
To obtain quantitative estimates regarding the influence of interbed thickness and the 
depth of development, calculations were performed for a number of determining parameters 
(Fig. 1). 
The analysis of the obtained data revealed that with a decrease in interbed thickness, the 
degree of stress growth in the reference pressure zone of the developing layer is increased. 
Thus, the maximum coefficient of stress concentration σу in the roof of the layer in the 
cross-section x = 29 m in relation to the level of γΗ is ky = 1.51 at h2 = 6 m and ky = 1.46 at 
h2 = 20 m. To a lesser extent the concentration of ky is affected by the development depth H 
and at H = 300 m and at H = 600 m in the cross-section x = 29 m in the roof of the 
developing layer, ky has the same value. 
In the arch of preparatory workings at a depth of H = 300 m at h2 = 6 m, the coefficient 
of equivalent stress concentration, calculated by the criterion of P.P. Balandin, reaches a 
value of 2.1 and remains the same at a depth of H = 600 m. The absolute value of the 
maximum equivalent tension at a depth H = 500 m becomes equal to the compressive 
strength of the rock, and at H = 600 m it is 1.2 times greater than it. 
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Fig. 1. The calculation scheme for determining the stress-deformed state of the massif around the 
working. 
The growth of stresses in the massif surrounding the working, leads to an increase in the 
displacements on its contour. The performed studies showed that with increasing depth of 
development from 300 to 600 m, the maximum vertical displacements uy in the arch grow 
by 1.79 times. Insufficient accounting of such SDS changes around preparatory workings 
that fall under the influence of clearing works on contiguous layers, when selecting lining, 
is one of the causes of deformation of preparatory workings. 
3 Justification of the parameters for the development of 
contiguous coal layers in the mines of the Lviv-Volyn basin 
Depending on the size of the mined-out space and the distance to the edge parts of the 
contiguous layers, in the roof and soil of the layer under development, zones of increased 
rock pressure of greater or lesser extent occur with different stress levels in them. 
The most dangerous situation is the position of the line of the breakage face, in which 
overlay of reference pressure diagrams from the breakage face and the edge parts of the 
above- or lower-lying layer occurs in the roof and soil of the layer under development. The 
resulting total stresses, as a rule, exceed the admissible values. If, at the same time, a zone of 
extreme stress with considerable length is formed in the roof over the mined-out space, the 
mechanized lining is under great rock pressure [35 – 39]. The situation is aggravated by the 
fact that, a considerable additional load caused by the squeezing of coal is created by the 
tension of front moving breakage face σс(V) under significant concentration of vertical normal 
stresses in the area of the reference pressure. As a result, an emergency situation may occur. 
Based on the possible limits of the variation of the variable values, the ratio γпН/(σс)с in 
the calculation assumed the values [0.25; 0.27; 0.29; 0.31; 0.33; 0.35], and the ratio Еr/Ес 
belonged to the area [1.8; 2.8; 4.0] (Еr, Ес – are the elastic moduli of the roof rock and coal, 
γr – is the rock density of the roof, (σс)c – is the ultimate compressive strength of coal). 
The geometric parameter of the investigated area l/ln assumed the values [0.033; 0.166; 
0.33; 0.66]. In this case, the length of the overworking zone was unchanged and amounted 
to ln = 150 m, and the size of the mined-out space behind the breakage face l∈ was [5; 25; 
50; 100] m. The width of the edge part of the layer was 70 m, the thickness of the interbed 
h2 varied within 5 – 25 m. In total, 152 calculation options were considered for 
overworking conditions. 
The values of the maximum tension concentration coefficients (Ky)max in zones of 
increased rock pressure in front of the breakage face, maximal approaches (Δu)max of the 
soil and roof in the mined-out space and loads Р0, were obtained using the boundary 
elements method for different values of the distance L between the breakage face and the 
edge parts of adjacent layers. On the basis of multiple correlation analysis of the obtained 
data, for the case of long face movement in the direction to the edge part of the adjacent 
layer under conditions of overworking, the ratios for the maximum values of the roof and 
soil approaches in long face in fractions of the thickness of the layer are established: 
( )cc
r
c
r
n
с H
E
E
l
l
m
u
σ
γ530.0065.0097.0107.0 +−+=Δ          (1) 
as well as the maximum relative tensions in the roof of the developed layer in front of the 
breakage face: 
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Similar dependencies with regard to the conditions of underworking are: 
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In addition, correlation dependences are established for the case of long face outflow 
from under the edge part, which in the conditions of overworking have the form: 
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For the case of long face outflow from under the edge part of the adjacent layer under 
the conditions of underworking, the following dependences were obtained: 
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The correlation coefficients of dependences (1) and (2) are 0.88 and 0.82, respectively. 
The correlation coefficients of dependences (3) and (4) are equal to 0.97. For dependencies 
(5), (6), (7) and (8), the correlation coefficients are 0.97, 0.88, 0.97 and 0.89, respectively. 
Similar studies were carried out for the case when the extraction is performed 
simultaneously in the conditions of underworking and overworking. The results of 
calculating one of the variants (L = 65 m) when the long face moves in the direction toward 
the edge part of the adjacent layer in the case of underworking in the form of diagrams of 
the normal tension σу and vertical displacements uу are shown in Fig. 2 and 3. 
Displacements in the long face in this case (Δuу)max do not exceed permissible for the 
mechanized support KM87. 
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Fig. 2. Diagrams of normal stresses σу in the roof and soil of the layer n7u (underworking, movement 
of long face to the edge part of the adjacent layer). 
In this sense, for underworking conditions, the L = 65 m value is acceptable. A similar 
analysis of the SDS pattern in the case of overworking has shown that L = 60 m is 
permissible. 
Let us find out how the coefficient of tension concentration and the speed of moving the 
long face V affect the tension values σу(V), appearing at the edge of the breakage face (in 
the cross-section x = 0, Fig. 1) and creating an additional load on the mechanized support. 
Suppose that the speed of the breakage face movement is V = 2 m/day = 0.083 m/hour. 
Then a strip of coal S = 1 m will be worked out for t = 6 hours. The value of the tension 
concentration coefficient (Ky)max at L = 65 m under conditions of underworking is 3.6 and, 
therefore, K = (Ky)max–1 = 2.6 (if L < 65 m, then (Ky)max > 3.6 and the strength condition is 
violated in the roof of the extractable layer in the zone of increased rock pressure in front of 
the breakage face). As a result of the calculations, we find that at a speed V = 4 m/day, 
σу(V) = 19.4 MPa. The corresponding calculations for the conditions, of overworking when 
L = 60 m, give us: σу(V) = 7.56 MPa at V = 2 m/day and σу(V) = 16.63 MPa at V = 4 m/day. 
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Fig. 3. Diagrams of vertical displacements uy in the roof and soil of the layer n7u (underworking, 
movement of long face to the edge part of the adjacent layer). 
Consequently, in the cross section x = 0 tensions are with increasing of rate σу(V), and 
the faster the higher the tension concentration coefficient σу. However, this reduces the 
“removed” pressure, so the total load on the mechanized support decreases with increasing 
speed. 
Of practical interest is the dependence of the value of the additional load 
q(V) = 0.03Р(V) on the tension concentration factor (Ky)max. Such dependences for values of 
V, equal to 1.5; 2.0; 3.0 and 4.2 m/day, are shown in Fig. 4. 
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Fig. 4. The relationship between the additional load on the support and the coefficient of tension 
concentration: 1 – V = 4.2 m/day; 2 – V = 3.0 m/day; 3 – V = 2.0 m/day; 4 – V = 1.5 m/day. 
Thus, given the values of L, l/ln and Еr/γnН and using on one of the formulas (2), (4), 
(6), or (8), depending on the direction of the long face movement and the development 
conditions under consideration, one can find the corresponding value of maximum tension 
concentration factor in front of the breakage face (Ky)max, as well as the main load on the 
section of the mechanized support Р0 from the weight of the rocks in the zone of the 
ultimate stress state over the long face. Further, from the found value (Ky)max from the graph 
in Fig. 4, we determine the additional load on the section of the mechanized support 
q(V) = 0.03Р(V) at a given speed of long face movement. 
The disadvantage of this approach is the fact that the reference pressure zone is 
considered only in front of the breakage face, and increased rock pressure behind the 
breakage face affects the processes in the breakage face too. In addition, the angle δ within 
the interbed thickness, on which, first of all, the SDS of the massif area of interest depends 
(the vicinity of the breakage face), can significantly differ from the average value δ of the 
entire superincumbent rocks. Finally, the picture of the SDS of the soil and the roof of the 
layers being developed is also determined by the speed at which the breakage face is 
moved. 
4 Substantiation of ways to reduce the negative consequences 
of deformation and subsidence of the earth's surface in coal-
mining regions 
When breakage faces are working, dynamic demonstrations of rock pressure are possible, 
expressed in the instantaneous destruction of the lower layers of the roof or a large part of 
the rock massif in the vicinity of the breakage face up to the cutting of the entire interbed, 
which can lead to a catastrophic increase in load on the support. In this case, there is a sharp 
decrease in the stability of the immediate roof, often there are cases of blockages of long 
faces, “strict” clamping of mechanized supports sections, and also squeezing of coal and 
soil swelling. 
Rock displacements and deformations occur during underground mining of coal layers. 
These displacements cause significant changes in the field of gravitational forces with the 
formation of support zones, in which the tensions are several times higher than the tension 
of the untouched massif [30 – 33]. Changes in the rock massif, depending on the natural, 
mining, technical and production factors, lead to significant difficulties in cleaning works 
conduction. The harmful influence of the reference pressure is evident not only in the plane 
of the layer, but also in rocks at a considerable distance from it up to the surface [35-38]. 
Significant values of subsidence on the earth’s surface contribute to the disruption of the 
ecological balance of the coal-mining regions. 
Zones of compression of rocks arise as a result of the demonstration of the reference 
pressure, and are the main cause of subsidence of rocks and the earth's surface beyond the 
boundaries of clearing works. And, consequently, they determine the position in shift 
trough of the points with critical values of deformations, along which the initial angular 
parameters used to calculate the displacements and deformations of rocks and the earth’s 
surface are determined. 
Deformations of the surface, appearing under the influence of mining operations, along 
with the disturbance of the soil layer make it difficult to process agricultural land. It is 
established that the subsidence of the earth’s surface to a depth of 3 m reduces soil fertility 
by 10%, to 6 m – by 50%. When the surface subsidence is more than 8 m, the fertile soil 
layer is destroyed. Subsidence troughs are often filled with water, which causes flooding 
and waterlogging of land. 
Protection of the surface from the negative effects of mining operations is possible in 
the following ways (or a combination thereof) [27, 31]: 
– the abandonment of such coal pillars, when the disturbance of the earth's surface is 
prevented (thus a significant part of the coal reserves will be lost); 
– implementation of a system of mining and technical measures to prevent or reduce 
subsidence of the earth's surface (laying the mined-out space with rock or a mixture of sand 
and clay, the use of chamber development systems, etc.); 
– implementation of a system of measures on the surface to neutralize the negative 
consequences of mining operations (advanced and subsequent reclamation, the construction 
of artificial water reservoirs, etc.). With this method, in addition to large material and 
financial costs, the time factor also plays a role (there is much more time to reclaim the 
surface than to subjugate these territories). 
One of the most realistic ways to significantly reduce the negative impact of mining 
operations and reduce the cost of restoring the lands and structures that have been worked 
on is the use of coal mining technology that provides for the full or partial laying of the 
mined out space. The goaf stowing of the mined-out space, with its massive application, 
makes it possible to change the nature of the displacement of the underworked mountain 
massif. The angles of displacement are changing; the process of displacement is stretching 
in time by a factor of 3 – 5 compared with the total rock caving. The effectiveness of the 
goaf stowing is estimated by reducing the deformations of the underworked massif and the 
values of the surface lowering. 
With the construction of filling massifs designed to protect underworked areas, the 
demand for high load-bearing capacity of the filling massif is in the foreground, which will 
minimize the displacement of the mined rocks and the harmful influence of underworking. 
However, the presence of high-quality filling material may not be sufficient if, for example, 
the goaf stowing of the mined-out space is made at a great distance from the breakage face 
of the long face, where significant subsidence of the roof rocks has already occurred. 
Therefore, the parameters of the technology used for development of the layer play not the 
least role in providing surface protection. It should be noted that the task of selecting the 
parameters of the filling massif and the influence of the technological parameters of layer 
development on the efficiency of goaf stowing, for the conditions of the main coal-mining 
basins, has not been completely solved. 
Thus, the experience of applying a goaf stowing to the mined-out space indicates that 
prerequisites can be created for solving a whole complex of engineering and technical 
problems [39] in addition to reducing the number of rocks emitted from mines and 
improving due to this the ecological situation in coal-mining regions, the successful 
implementation of the protection of surface objects and the maintenance-free support of 
preparatory workings. 
For example, due to full goaf stowing, methane flow into the breakage face from the 
mined-out space is sharply reduced and the probability of endogenous fires is completely 
eliminated, the intensity of the inrush formation process is reduced, and the state of the 
water resources of coal mining regions is improved [14, 40]. However, this experience was 
not continued due to increased labour intensity of work, reduced load on long face and the 
lack of incentives to improve the quality of extracted coal. 
In view of the foregoing, in the projects for the preparation of breakage faces and in the 
passport for managing the roof and lining, it will be necessary to envisage the 
implementation of additional measures for managing the roof and of lining of the long face 
during the transition of zones of increased rock pressure that prevent or neutralize 
dangerous demonstrations of rock pressure. It is also necessary to continue developing 
methods to reduce subsidence of the earth's surface during the mining of coal layers, as well 
as to develop reserves under protected objects. 
5 Conclusions 
As a result of the studies, the following conclusions can be drawn: 
1. On the basis of the method of boundary elements, an effective computational 
algorithm for determining the SDS of an inhomogeneous massif was developed with 
reference to the development of a multiple coal flat-lying layers. 
2. Using the developed algorithm for the conditions of the mines of the Lviv-Volyn 
Coal Basin, the boundaries of zones of increased rock pressure in the roof and soil of the 
extracting layer are established, the values of the maximum tension concentration 
coefficients σу relative to the γH level are determined, the load acting on the section of the 
mechanized support from the weight of rocks, located in the area of the ultimate tension 
state in the roof over the long face is found. 
3. It is established that in the conditions of the mines of the state enterprise 
“Lvivvuhillia” during the work of breakage faces in the zones of influence of the edge parts 
of adjacent layers, the most dangerous from the point of view of the demonstration of rock 
pressure is the period of long face release from under the edge part of the underlying layer. 
Therefore, the rational power parameters of the mechanized support must be determined by 
the characteristics of the SDS of this particular area of the massif. 
4. It is established that with the increase in the development depth from 300 to 600 m, 
the maximum displacements uy in the arch of the preparatory working in the conditions of 
underworking increase 1.79 times. 
5. One of the most realistic ways to significantly reduce the negative impact of mining 
operations and reduce the cost of restoring damaged lands and facilities is the use of coal 
mining technology, which provides for the full or partial goaf stowing of the mined-out space. 
This work was conducted within the project “Development of technological bases of ecologically safe 
extraction of minerals in technogenic-loaded mining regions of Ukraine” (State registration 
No. 0117U001134).  
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